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Introduction {#sec001}
============

The structural state of DNA in the nucleus, corresponding to varying levels of chromatin condensation, is integral to its function. This varying of hierarchical condensation is thought to allow or prevent access of transcription factors to the linear sequence\[[@pone.0146244.ref001],[@pone.0146244.ref002]\] while serving as a central feature of nuclear organization.\[[@pone.0146244.ref003]\] Chromatin states are broadly categorized into heterochromatin and euchromatin, owing to their historical association with the density of their appearance with light\[[@pone.0146244.ref004]\] or electron microscopy.\[[@pone.0146244.ref005]\] Heterochromatin is generally associated with highly condensed, gene-poor stretches of chromatin consistent with repression.\[[@pone.0146244.ref006]\] This dense packing of heterochromatin is driven in part by histone modifications particularly at lysine residues, including deacetylation and specific methylation patterns.\[[@pone.0146244.ref007]\] These modifications enhance the binding of histones and other chromatin architectural proteins that drive further condensation, such as heterochromatin protein 1 (HP1). Heterochromatin is further classified into constitutive heterochromatin that is very highly condensed and repressed, and facultative heterochromatin that is condensed but may become activated in response to environmental signals.\[[@pone.0146244.ref007]\] By contrast, euchromatin is gene-rich and largely decondensed, allowing for active processes including transcription.\[[@pone.0146244.ref008]\] Chromatin remodeling associated with decondensation is an active, ATP-dependent process that involves modification as well as movement or ejection of histone proteins.\[[@pone.0146244.ref009]\] The subtleties associated with these and other varying chromatin modification processes lead to gradations in condensation. Thus, the binary assignment of chromatin state is largely an oversimplification that obscures the reality of highly dynamic chromatin structure with rapid and frequent remodeling between intermediate states of condensation providing an element of plasticity to chromatin function.\[[@pone.0146244.ref007],[@pone.0146244.ref010],[@pone.0146244.ref011]\]

In addition to chromatin condensation state, there is a non-random three-dimensional arrangement of chromatin within the nucleus, which is thought to impact genome function and gene expression.\[[@pone.0146244.ref012],[@pone.0146244.ref013]\] Proteins are heterogeneously distributed throughout the nucleus, giving rise to protein complexes that form distinct functional environments including Cajal bodies, PML bodies, nucleoli, transcription sites and many other subnuclear bodies wherein the spatial arrangement of chromatin becomes critical.\[[@pone.0146244.ref003]\] As such, the differential condensation state of chromatin throughout the nucleus is integral to these functional sites;\[[@pone.0146244.ref014]\] *e*.*g*., loops of decondensed chromatin are present in the interior of the nucleolus, and the nucleolus is enveloped by a border of heterochromatin.\[[@pone.0146244.ref015]\] By contrast, the spatially resolved condensation states of chromatin associated with other functional sites--including the appropriate length scales to be measured--remains to be determined. Of particular consequence is the inability to spatially resolve chromatin condensation state as it varies temporally with evolving processes, including the dynamic chromatin mobility that is intimately related to its condensation state.\[[@pone.0146244.ref016],[@pone.0146244.ref017]\]

There are complementary ways to quantify and spatially resolve chromatin condensation state in human cell nuclei, but most have significant limitations. Resolution itself is typically restricted for intensity-based light microscopy methods.\[[@pone.0146244.ref018]\] Additionally, methods such as electron microscopy often require damaging fixation procedures. Fixation and disruption of structures can similarly reduce resolution, quantification and reproducibility for utilizing immunocytochemistry\[[@pone.0146244.ref019]\] and *in situ* hybridization techniques. Major advances in quantifying chromatin structure have been made using specialized cell lines with fluorescently labelled nucleosomal elements.\[[@pone.0146244.ref018]\] These methods have proven very useful, particularly when coupling fluorescence intensity measurements with other fluorescence-based measurements (including fluorescence anisotropy\[[@pone.0146244.ref020]\], fluorescence lifetime and/or Fӧrster resonance energy transfer\[[@pone.0146244.ref021]\]) that enhance spatial resolution. Similarly, spatial measurements of the diffusion of GFP-tagged histones and chromatin proteins as well as freely diffusing exogenous GFP monomers and oligomers have provided useful measures of chromatin condensation and reorganization.\[[@pone.0146244.ref022]--[@pone.0146244.ref024]\] However, overexpressed proteins can produce structural artifacts, and the use of specialized cell lines hinders its application to primary human cell lines where chromatin condensation and organization is tightly regulated most similarly to that observed *in vivo*.

Mechanical measurements that leverage the inherent relationship between mechanical-structural coupling of chromatin condensation states\[[@pone.0146244.ref025]--[@pone.0146244.ref027]\] as related to chromatin mobility experiments noted above have similarly been used to quantify chromatin condensation state *in situ*. Current mechanics-based methods, including particle tracking of fluorescent probes\[[@pone.0146244.ref016],[@pone.0146244.ref028]\] or bulk mechanical measurements\[[@pone.0146244.ref025]--[@pone.0146244.ref027]\] overcome the limitation of specialized cell lines and can be used in live cells, but they are generally low-throughput and provide mostly ensemble information.

Here we utilize fluorescence lifetime imaging microscopy (FLIM) of a membrane permeable, DNA-binding fluorophore for quantifying and spatially resolving chromatin condensation state in primary human endothelial cells. The phenomena of fluorescence lifetime measures the exponential decay rate (via time) of a fluorophore from the its excited state to the radiative fluorescence emission.\[[@pone.0146244.ref029]\] The fluorescence lifetime is highly sensitive to the multiple aspects of local fluorophore environment within length scales of up to 10 nm and down to angstroms.\[[@pone.0146244.ref029],[@pone.0146244.ref030]\] We show that differential chromatin condensation states within the nucleus uniquely contribute to the fluorescence lifetime. Further, through *in vitro* measurements of DNA solutions we demonstrate that fluorescence lifetime is acutely sensitive to local solution viscosity, and that it varies most significantly with DNA condensation state even in the absence of binding proteins. We highlight the utility of this technique for measuring large scale chromatin decondensation and reorganization in response to chemically-stimulated changes in gene expression through both quantification of these changes as well as demonstration of the spatially resolved distribution of chromatin condensation states in stimulated nuclei. We also show the high spatial resolution of FLIM through co-labeling distinct functional sites within the nucleus and resolving the characteristic chromatin condensation state around those regions. The establishment of FLIM for quantifying the spatial organization of chromatin condensation in primary human cell nuclei provides a potentially high-throughput technique for assaying the functionally-derived structural changes of chromatin through its unique dependence on mechanics. This will enable large-scale measurements of chromatin condensation state changes, including their temporal evolution, to better understand functional changes of nuclear processes.

Results {#sec002}
=======

Differential Fluorescence Lifetime in Human Cell Nuclei {#sec003}
-------------------------------------------------------

The fluorescence lifetime is mostly insensitive to properties of the incident light that lead to the initial excitation such as the exposure time, intensity and wavelength (including a range of single- or multi-photon wavelengths within the excitation spectrum) as well as the emission artifacts including fluorophore concentration and photobleaching.\[[@pone.0146244.ref029]\] Instead, the fluorescence lifetime depends on the local environment of the fluorophore.\[[@pone.0146244.ref029]\] We first aimed to investigate the fluorescence lifetime sensitivity to chromatin condensation state in human umbilical vein endothelial cell (HUVEC) nuclei for the minor groove DNA-binding fluorophore Hoechst 33342. Cells presented in the results were fixed and permeabilized, but fixation with formaldehyde has been shown to be the least restrictive means of fixation, leaving chromatin structure largely intact and allowing for DNA and nucleosome movement (see [Methods](#sec009){ref-type="sec"}).\[[@pone.0146244.ref031]\] We observed statistically similar fluorescence lifetime in live cell nuclei with Hoechst 33342, but analysis methods showed more variability ([S1 File](#pone.0146244.s001){ref-type="supplementary-material"}). This variability was due to cell translocation during the imaging as well as other temporal sampling effects associated active remodeling and evolution of chromatin condensation states with time.

Heat maps of the spatially resolved mean fluorescence lifetime indicate a broad distribution of fluorescence lifetimes throughout the control cell nucleus ([Fig 1A](#pone.0146244.g001){ref-type="fig"}, bottom middle panel) resulting from unique fluorophore environments. We decondensed chromatin with the histone deacetylase inhibitor Trichostatin A (TSA) and induced chromatin condensation by depleting ATP using sodium azide (NaN~3~) and 2-deoxyglucose (2-DG). Treatment with NaN~3~+2-DG lead to condensation of chromatin and punctate regions with a more homogeneous distribution of mean fluorescence lifetimes trending towards lower values ([Fig 1A](#pone.0146244.g001){ref-type="fig"}, bottom left panel). Decondensation of chromatin by treatment with TSA resulted in a similarly more homogeneous distribution of spatially resolved mean fluorescence lifetime in the heat maps, but instead trending towards higher mean fluorescence lifetimes ([Fig 1A](#pone.0146244.g001){ref-type="fig"}, bottom right panel). By contrast, the control cell nucleus exhibited a wide distribution of high and low values ranging between both extremes ([Fig 1A](#pone.0146244.g001){ref-type="fig"}, bottom middle panel and Fig A in [S1 File](#pone.0146244.s001){ref-type="supplementary-material"}). The heterogeneity and variance of the samples, including the very low lifetimes associated with hyperaggregation (0.6 and 1.3 ns) are visible in the histograms of fluorescence lifetime ([S2 File](#pone.0146244.s002){ref-type="supplementary-material"}).

![Fluorescence lifetime measurements of chromatin condensation state in human umbilical vein endothelial cell nuclei.\
(A) Fluorescence intensity confocal images (top) and mean fluorescence lifetime heat maps (bottom) of chromatin is measured in endothelial cell nuclei labeled with Hoechst 33342. Cells are treated with NaN~3~+2-DG for chromatin hypercondensation or with TSA for chromatin decondensation. Altered fluorescence intensity with treatments show differential chromatin condensation state, with more intense fluorescence arising from highly concentrated condensed chromatin. Mean fluorescence lifetime heat maps similarly indicate spatial arrangement of local fluorophore environments for labeled chromatin consistent with varying chromatin condensation state. Treatment with NaN~3~+2-DG results in more punctate regions of fluorescence intensity and shorter mean fluorescence lifetime (orange) relative to untreated controls, while TSA resulted in a significant reduction in punctate regions and longer mean fluorescence lifetime (blue). Scale bar is 10 μm. (B) The mean fluorescence lifetime of segmented nuclei for the various treatment conditions was calculated using [Eq 2](#pone.0146244.e002){ref-type="disp-formula"}. Treatment with NaN~3~+2-DG resulted in a strong reduction in the mean fluorescence lifetime relative to untreated controls. By contrast, TSA treatment resulted in a dramatic increase in the mean fluorescence lifetime relative to untreated controls which indicated an increase in chromatin condensation state homogeneity throughout the cell nucleus. Error bars indicate standard error of the mean of pixel-to-pixel mean fluorescence lifetime differences of segmented nuclei in fields of view across multiple fields of view under each treatment condition (\*\*\* p\<\<0.001). Histograms and standard deviations are in [S2 File](#pone.0146244.s002){ref-type="supplementary-material"}.](pone.0146244.g001){#pone.0146244.g001}

For treatment to treatment comparison, we quantified these changes by calculating the mean fluorescence lifetime using [Eq 2](#pone.0146244.e002){ref-type="disp-formula"} for all segmented nuclei throughout each field of view, and the standard errors include the nucleus-to-nucleus variation as well as the pixel to pixel variability from regions of differential compaction (see [Methods](#sec009){ref-type="sec"} for statistical comparison). Chromatin decondensation resulted in an increase in the mean fluorescence lifetime, while chromatin condensation resulted in a significant reduction ([Fig 1B](#pone.0146244.g001){ref-type="fig"}).

Additionally, TSA treatment resulted in a statistically significant reduction in variance ([S2 File](#pone.0146244.s002){ref-type="supplementary-material"}), indicating more uniform chromatin condensation state throughout the nucleus as measured by the mean fluorescence lifetime. We repeated fluorescence lifetime experiments using an intercalating DNA dye, PicoGreen and found similar changes in lifetime between nuclei with TSA decondensed chromatin and control samples ([S3 File](#pone.0146244.s003){ref-type="supplementary-material"}). Thus, the fluorescence lifetime of chromatin-bound DNA probes (including Hoechst 33342) indicate local chromatin condensation state in human cell nuclei.

Fluorescence Lifetime Sensitivity of λ-DNA {#sec004}
------------------------------------------

Having established a relationship between chromatin condensation and fluorescence lifetime, we aimed to determine the environmental effectors driving the change in the fluorescence lifetime of the fluorophore bound to DNA. The fluorescence lifetime is known to depend on factors such as viscosity, polarity, temperature and the presence of quenchers in the surrounding medium local to the fluorophore.\[[@pone.0146244.ref029]\] We examined the fluorescence lifetime dependence on in vitro λ-DNA associated with (i) compaction changes induced by molecular crowding (ii) polarity changes from divalent charge and (iii) viscosity changes from high molecular weight solvents.

We induced compaction of λ-DNA by macromolecular crowding using the inert, neutral flexible polymer poly(ethylene glycol) (M~n~ 6000, PEG 6000) in the presence of a divalent cation (Mg^2+^) often called polymer-and-salt-induced (psi orψ) condensation.\[[@pone.0146244.ref032]\] This allowed us to remove *in situ* nuclear artifacts of DNA-binding proteins (particularly histones) and the resulting ionic interactions to isolate the direct effect of condensation-induced changes on structure and mechanics that influence the fluorescence lifetime. Above a threshold concentration of PEG in the presence of divalent cations, DNA condenses due to depletion forces between PEG and DNA through the entropically-favored increase in excluded volume for PEG associated with this condensation.\[[@pone.0146244.ref033],[@pone.0146244.ref034]\] We characterized the onset of DNA condensation using dynamic light scattering (DLS), where we observed a reduction in diffusivity consistent with DNA condensation for \[PEG\] of 50 mg/mL ([Fig 2](#pone.0146244.g002){ref-type="fig"}).\[[@pone.0146244.ref035]\] Further addition of PEG, including beyond the overlap concentration,\[[@pone.0146244.ref035]\] results in a greater reduction in the diffusivity that likely indicates the reduced diffusivity of multi-molecular aggregates\[[@pone.0146244.ref036]\] of condensed DNA from the increased solution viscosity, the production of larger multi-molecular aggregates or both ([Fig 2](#pone.0146244.g002){ref-type="fig"}).

![Dynamic light scattering measurements of *in vitro* λ-DNA solutions of varying condensation state.\
Measurements of PEG 6000 (gray) and λ-DNA (green) alone indicate their location within the combined solutions. As we increase PEG concentration, initially we see a negligible effect on the λ-DNA diffusivity distribution (shades of blue). At 50 mg/mL, the solution is above a threshold concentration of PEG 6000 and we observe a reduction in the λ-DNA diffusivity distribution, including a sharp decrease beyond the overlap concentration for PEG 6000 at 100 mg/mL (shades of yellow-orange). The initial reduction stems from the polymer-and-salt-induced (psi or ψ) condensation by macromolecular crowding-induced depletion forces. We show the regime over which λ-DNA is condensed and decondensed along with the location of the PEG population. Distributions are derived from 10--15 runs per individual measurements and averages of several measurements.](pone.0146244.g002){#pone.0146244.g002}

We measured the mean fluorescence lifetime associated with the PEG-induced DNA condensation and observed a significant reduction in the mean fluorescence lifetime for \[PEG\] of 50 mg/mL or greater ([Fig 3](#pone.0146244.g003){ref-type="fig"}). Note that these experiments report the fluorescence lifetime of homogeneous solutions of labeled DNA. This is in contrast to labeled DNA inside nuclei, which have an intrinsically heterogeneous distribution of lifetimes associated with the drastically larger number of possible conformations enabled by molecular crowding and specific binding proteins and complexes. As such, the requirements for statistical significance are different between *in situ* imaging and *in vitro* solution imaging (see [Methods](#sec009){ref-type="sec"}). These results are consistent with the *in situ* experiments of induced chromatin condensation in HUVEC nuclei where it resulted in a reduced mean fluorescence lifetime ([Fig 1](#pone.0146244.g001){ref-type="fig"}). Interestingly, following DNA condensation there was no further change in the mean fluorescence lifetime despite increasing solution viscosity associated with higher \[PEG\] including the sharp increase beyond overlap concentration\[[@pone.0146244.ref035]\] at 100 mg/mL. Thus, upon DNA condensation the fluorescence lifetime seemingly becomes largely insensitive to further changes in viscosity.

![Fluorescence lifetime measurements of *in vitro* λ-DNA solutions of varying condensation state.\
As in the DLS experiments, we observe a dramatic reduction in the mean fluorescence lifetime above the threshold PEG 6000 concentration (\~50 mg/mL; p\<0.01) that is maintained at higher concentrations (shades of yellow-orange symbols). Interestingly, despite the increase in viscosity that occurs with increasing PEG concentration (including the sharp increase in trend above the overlap concentration at 100 mg/mL) we see no further statistical change in the mean fluorescence lifetime despite the dependence of the fluorescence lifetime on local viscosity. Error bars reflect standard deviation. Statistical significance based on Student's t-test with the 0 mg/mL PEG, with \*\*p\<0.025 and \*\*\*p\<0.01.](pone.0146244.g003){#pone.0146244.g003}

PEG allows for investigation of the role of DNA compaction (though only moderately reducing the dielectric constant over this range of concentration\[[@pone.0146244.ref037]\]). To determine impacts of ionic strength we varied solution polarity using solutions of varying \[MgCl~2~\] since local polarity changes in the cell likely stem predominately from ion flux. We observed no statistically significant change in the mean fluorescence lifetime with increasing MgCl~2~ concentration over a broad range spanning orders of magnitude from 0 M to more than 1 M ([Fig 4](#pone.0146244.g004){ref-type="fig"}). Our upper concentration of 1.4 M MgCl~2~ is orders of magnitude higher than physiological concentrations of Mg^2+^ (free Mg^2+^ at 0.5 mM and bound Mg^2+^ at 20 mM)\[[@pone.0146244.ref038]\] as well as the levels needed to observe dramatic chromatin reorganization (6 mM).\[[@pone.0146244.ref025]\] This is consistent with the relative insensitivity of the fluorescence intensity of bis-benzimide (Hoechst family) dyes with salt concentration upon binding DNA.\[[@pone.0146244.ref039]\]

![Fluorescence lifetime measurements of *in vitro* λ-DNA solutions of varying ionic strength solutions.\
The mean fluorescence lifetime of solutions of λ-DNA with varying concentration of MgCl~2~ shows no statistical dependence on ionic strength. Across a wide distribution of salt concentration varying over three orders of magnitude we see no statistically significant effect on the mean fluorescence lifetime, indicating it is not strongly influenced by salt concentration. Statistical comparisons made by Student's t-test, with no statistical difference between solutions.](pone.0146244.g004){#pone.0146244.g004}

Using glycerol-ethylene glycol solutions of varying concentration, we controlled for media polarity changes due to the similarity of their dielectric constants (as is convention for assaying the viscosity dependence of fluorescence lifetime measurements\[[@pone.0146244.ref029]\]) thereby allowing us to effectively isolate the fluorescence lifetime dependence of non-compacted DNA on viscosity alone. We observed a statistically significant increase in fluorescence lifetime magnitudes with viscosity, and confirmed the significance of the power-law trend (\~η^0.2^) of fluorescence lifetime with solution viscosity ([Fig 5](#pone.0146244.g005){ref-type="fig"}). The strong statistical significance of the power-law fit (ANOVA p\<\<0.001) indicates the dominant role of viscosity on the fluorescence lifetime of Hoechst 33342 bound to DNA. However, the dependence of the fluorescence lifetime on solution viscosity appeared to be less significant than the dependence on DNA condensation state. In aggregate, these experiments indicate that Hoechst 33342 bound to DNA is mostly insensitive to local solution ionic strength, but is dependent on viscosity of the solution around fluctuating DNA and strongly dependent on DNA condensation state.

![Fluorescence lifetime measurements of *in vitro* λ-DNA solutions of varying viscosity.\
We determine the mean fluorescence lifetime dependence of Hoechst 33342 bound to λ-DNA in solutions of varying viscosity glycerol-ethylene glycol solutions. We see a strong dependence of the mean fluorescence lifetime on viscosity over the range here. Viscosity measurements for the glycerol-ethylene solutions were determined using a Discovery Hybrid Rheometer-2. Statistical comparisons made by Student's t-test, with \*p\<0.05, \*\*p\<0.025, \*\*\*p\<0.01 and \*\*\*\*p\<0.001. All statistical comparisons of the magnitudes are with the previous point unless otherwise indicated by lines. The viscosity power-law fit dependence of the mean fluorescence lifetime, based on the known phenomenological relationship between fluorescence lifetime and viscosity, was determined using ANOVA (p\<\<\<0.001).](pone.0146244.g005){#pone.0146244.g005}

Spatially-Resolved *in situ* Chromatin Condensation State {#sec005}
---------------------------------------------------------

In addition to quantifying and spatially resolving chromatin condensation state during physiological and pathological changes, the ability to investigate chromatin condensation state in the context of ongoing functional processes enables us to study the role of these deeper layers of genome function in facilitating nuclear organization. Previous work has highlighted the role of chromatin in serving to nucleate *de novo* formation of functional sites within the nucleus, thereby lending credibility to the idea that the nucleus is a self-organizing system.\[[@pone.0146244.ref003]\] FLIM provides the means to investigate the interrelation of chromatin structure and organization with function in the nucleus through the enhanced spatial resolution.

We transfect HUVECs with the nucleolar protein GFP-Fibrillarin as our indicator of nucleolar location since it is present at active ribosomal gene transcription centers.\[[@pone.0146244.ref038],[@pone.0146244.ref040]\] The chromatin organization associated with the nucleolus, being a functional site of very low internal chromatin composition\[[@pone.0146244.ref041]\] as well as mostly homogenous chromatin structural state associated with decondensation for active ribosomal gene transcription on the interior that is then bounded by dense heterochromatin,\[[@pone.0146244.ref015]\] makes it an ideal candidate for testing the spatial resolution of FLIM for assaying chromatin condensation state. Consistent with the known organization of chromatin condensation state of nucleoli, we see the internal nucleolar regions are associated with some of the highest mean fluorescence lifetime regions of the nuclear interior in the mean fluorescence lifetime heat maps indicating highly decondensed chromatin ([Fig 6](#pone.0146244.g006){ref-type="fig"}). To ensure that fluorescence lifetime measurements were solely those of the Hoechst 33342, we used a tunable FLIM-specific photomultiplier tube and collected the spectra unique to each fluorophore (see [methods](#sec009){ref-type="sec"}). The wavelength of multiphoton excitation does not coincide with that of Hoechst 33342, as is evident given the low-intensity of the locations corresponding to the nucleolus in [Fig 6](#pone.0146244.g006){ref-type="fig"}. Further, we observe that these regions are bounded by a noticeable amount of very low mean fluorescence lifetimes associated with tightly condensed heterochromatin domains that bound the nucleolus. The slight overlap of lower mean fluorescence lifetime over a portion of the GFP-Fibrillarin signal likely results from known chromatic aberrations and z-plane differences associated with the near infrared\[[@pone.0146244.ref042]\] (high wavelength of 825 nm) multiphoton excitation of Hoechst 33342 utilized for FLIM relative to the visible laser (low wavelength of 488 nm) excitation of GFP.

![Fluorescence lifetime spatial distribution around nucleoli in endothelial cell nuclei.\
(A) An overlay of a confocal image of HUVECs labelled for chromatin with Hoechst 33342 (blue, B) and nucleoli with transfected nucleolar protein GFP-Fibrillarin (green, C). (D) The spatially resolved mean fluorescence lifetime of the same nucleus shows largely decondensed chromatin within the interior of the nucleolus (deep blue regions). Further, the nucleoli are bounded by condensed chromatin (yellow-orange regions) consistent with heterochromatin-bound nucleolar regions. Other condensed chromatin regions show correspondence with the brighter, more punctate regions of chromatin fluorescence (B) consistent with heterochromatin. Scale bar is 5 μm.](pone.0146244.g006){#pone.0146244.g006}

We also compare the fluorescence lifetime measurement of chromatin condensation state with the constitutive heterochromatin marker H3K9me3 labeled by immunocytochemistry ([Fig 7B](#pone.0146244.g007){ref-type="fig"}). While the heterochromatin marker provides for a decently punctate image of heterochromatin regions, the reliance solely on the fluorescence intensity of the measurement with limited spatial resolution obfuscates clear delineation of the gradations of heterochromatin regions since it merely denotes the presence or absence of H3K9me3 (as discussed previously). Nonetheless, we qualitatively observe reduced mean fluorescence lifetimes associated with the most prominent regions of the heterochromatin label, particularly when bright regions of H3K9me immunocytochemistry signal are enhanced and overlaid with binned fluorescence lifetime data ([Fig 7F--7H](#pone.0146244.g007){ref-type="fig"}).

![Fluorescence lifetime spatial distribution around of endothelial cells labelled for heterochromatin marker H3K9me3 with immunocytochemistry.\
A confocal image of a HUVEC nucleus labelled for chromatin with Hoechst 33342 (blue, A) and constitutive heterochromatin marker histone H3 tri-methylated at lysine residue 9 (H3K9me3) by immunocytochemistry (red, B) with merge (C). (D) The spatially resolved mean fluorescence lifetime of the same nucleus shows a spatially heterogeneous lifetime distribution. (E) Binning of fluorescence lifetimes rather than a continuous scale (from D) allows discrete segregation for overlay. (F) Very low lifetime regimes (red) overlaid with enhanced H3K9me3 signal (white) shows alignment of these regions. Intermediate lifetimes (green, G) show some small colocalization, but high lifetime regimes (blue, H) show no overlap with H3K9me3 staining. Scale bar is 5 μm.](pone.0146244.g007){#pone.0146244.g007}

Discussion {#sec006}
==========

The quantitative visualization of chromatin structure and organization within the nucleus, including its condensation state and spatial arrangement, remains a major obstacle to understanding genome function. The capacity to spatially resolve chromatin condensation state throughout the nucleus has major bearing on understanding both the functional attributes associated with those states and the dynamics of chromatin throughout the nuclear interior. Our emerging understanding of stem cell differentiation\[[@pone.0146244.ref043]\] as well as cancer pathology\[[@pone.0146244.ref044]\] related to DNA repair\[[@pone.0146244.ref017]\] has highlighted the integral role of chromatin structural modifications and repositioning associated with these functional processes. Yet, questions still remain as to the causal relationship of chromatin organization with these functions including the influence of the structural state and dynamic movements. Here we aimed to address the limitation of quantification of chromatin condensation *in situ* through the development of a technique for high-throughput quantification of chromatin condensation state and it spatial arrangement in a primary human cell line using only a cell-permeable, DNA-binding fluorophore via fluorescence lifetime and its unique dependence on the mechanical-structural interrelation of chromatin. Although quantification of fluorescence intensity of Hoechst 33342-labeled chromatin has limitations, FLIM is largely independent of the intensity of the fluorophore. Studies with different DNA binding fluorophores show similarly altered fluorescence lifetime. Also, this method can use but does not require transfection, fixation, permeabilization or disruption of large scale chromatin structure to allow in large macromolecules (e.g., antibodies, hybridization partners) and provides submicron-scale resolution of DNA and chromatin condensation states down to the length scale of angstroms.

Physical Effectors Influencing the Fluorescence Lifetime Dependence of Chromatin Condensation State *in situ* and *in vitro* {#sec007}
----------------------------------------------------------------------------------------------------------------------------

We show the dependence of fluorescence lifetime on chromatin condensation state in primary human cell nuclei using conventional chemical treatments for global condensation state changes. Our results indicate an increase in the fluorescence lifetime corresponds to chromatin decondensation in human cell nuclei and *vice versa* ([Fig 8A and 8B](#pone.0146244.g008){ref-type="fig"}). Further, using macromolecular crowding-induced DNA condensation (ψ condensation) for *in vitro* solutions, we demonstrate that the fluorescence lifetime change is dependent on the altered structural state associated with condensation independent of the presence of binding proteins. We highlight that the physical parameter impacting the fluorescence lifetime change upon condensation is the stark transition in the sensitivity to viscosity associated with these two states of DNA condensation. Decondensed λ-DNA, being a largely flexible polymer (L~C~ \~ 16.2 μm \>\> L~P~ \~ 0.05 μm\[[@pone.0146244.ref045]\]), maintains a compliant mechanical state undergoing large length scale (relative to the Hoechst 33342 minor groove-binding site of \~2 nm\[[@pone.0146244.ref038],[@pone.0146244.ref046]\]) Brownian polymeric fluctuations that render the fluorescence lifetime sensitive to local solution viscosity ([Fig 8C](#pone.0146244.g008){ref-type="fig"}). After condensation, these large length scale λ-DNA fluctuations are reduced, diminishing the sensitivity to the viscosity and decreasing the local solution viscosity due to the simultaneous condensation of other λ-DNA molecules. Within the context of the nucleus ([Fig 8A and 8B](#pone.0146244.g008){ref-type="fig"}), chromatin condensation similarly corresponds to a less viscous environment relative to decondensed chromatin. This "switch" sensitivity upon condensation renders the fluorescence lifetime sensitive to the condensation state and intermediate conformations via the fiber compliance and its dependence on viscosity when not condensed. Previous works have similarly demonstrated chromatin decondensation results in more viscous and deformable cell nuclei.\[[@pone.0146244.ref026],[@pone.0146244.ref027]\]

![Changes in chromatin condensation state in the nuclear interior impact the local viscosity which strongly influence the fluorescence lifetime.\
In most cells, the nucleus has regions of highly condensed chromatin (A). While the concentration of chromatin in the nuclear interior is unchanged upon decondensation, the nuclear interior becomes more viscous due to the reduction in densely packed chromatin (B). As such, the chromatin in condensed regions has a low fluorescence lifetime (orange in A) and chromatin in decondensed regions has a high fluorescence lifetime (blue in B). (C) Decondensed chromatin undergoes fluctuations influenced by frictional drag (ζ) from the surrounding environment. Regions of higher viscosity arising from chromatin decondensation have increased mean fluorescence lifetimes.](pone.0146244.g008){#pone.0146244.g008}

The lack of a strong influence of \[MgCl~2~\] on the fluorescence lifetime is somewhat surprising given the general association of fluorescence lifetime of molecules in solution on ionic strength through polarity.\[[@pone.0146244.ref029]\] However, we suggest that the minor-groove binding of Hoechst 33342 to DNA\[[@pone.0146244.ref046]\] makes the fluorophore sensitivity to the media ionic strength relatively negligible likely due to the presence of interactions with the base pairs themselves (where hydrogen bonds\[[@pone.0146244.ref047]\] and possibly aromatic ring interactions may occur). This idea is supported by the reduced sensitivity of bis-benzimide (Hoechst family) dyes to pH (over a broad range) upon binding to DNA as well as the relative insensitivity of the fluorescence to \[MgCl~2~\] and \[NaCl\] over broad ranges\[[@pone.0146244.ref048]\] in the bound state. Thus, upon the binding of Hoechst 33342 to chromatin, the chromatin structural state and its resulting effect on local viscosity and as well as the sensitivity of its fluctuations to viscosity provides the dominating environmental characteristic influencing fluorescence lifetime. This is consistent with the known effect of increased viscosity on increasing the fluorescence lifetime of the Hoechst family of dyes, including a dramatic increase upon binding DNA.\[[@pone.0146244.ref029]\]

Previous work has demonstrated that the viscosity dependence of the fluorescence lifetime can be considerable depending on the internal flexibility of the fluorophore structure, where those that more freely undergo internal rotations (often termed "molecular rotors") have strong fluorescence lifetime dependence on viscosity.\[[@pone.0146244.ref029]\] In this case, the binding of Hoechst 33342 to DNA renders the fluorescence lifetime susceptible to both the structural state of the DNA and the viscosity of the surrounding medium, which influences the ability of DNA to reptate or fluctuate. Thus, given the length scale dependence of fluorescence lifetime being on the order of \~0.1--10 nm and the absence of a change in the fluorescence lifetime over wide ranges of ionic strength, the condensation state of DNA in the context of Brownian polymeric fluctuations and the associated viscous drag becomes paramount to the fluorescence lifetime dependence ([Fig 8C](#pone.0146244.g008){ref-type="fig"}). Since these Brownian fluctuations depend on both the structural state of the polymer itself and the resistance in the surrounding medium (viscosity), the "switch" sensitivity of the fluorescence lifetime enables us to quantify chromatin condensation state through the reduced mechanical flexibility and concomitant reduced viscosity associated with increasing condensation. This dependence of the fluorescence lifetime on chromatin condensation state through mechanics provides a high-throughput technique for quantifying and spatially resolving condensation state throughout the nucleus.

FLIM to Measure Chromatin Structure and Mechanics *in situ* {#sec008}
-----------------------------------------------------------

The utility of the fluorescence lifetime measurement of chromatin condensation lies in its ability to be done *in situ* and with spatial resolution for a variety of cell nuclei under varying physiological and pathological conditions. Where previous methods have failed to provide the proper resolution or be utilized for primary cell lines, the fluorescence lifetime proves capable of surmounting these limitations through its dependence on mechanical chromatin compliance as related to its condensation state. We show the utility of these measurements for spatially resolved chromatin condensation at distinct functional sites. Spatially resolving the chromatin structure within and around nucleoli highlights the capability of FLIM for determining the role of chromatin condensation in the context of functional organization. While ribosomal biogenesis in the nucleolus is a continuous process in interphase nuclei, FLIM can similarly be utilized to capture snapshots of chromatin condensation with respect to the progression of other functional processes. This affords the opportunity to monitor the role of chromatin hierarchical organization (higher-order structural state and spatial arrangement) in the context of genome function during physiological changes.

While particle tracking and other diffusivity measurements boast the benefit of additional biological information associated with the driving forces of chromatin fluctuations (and, thus, motor activity),\[[@pone.0146244.ref016]\] FLIM allows for mapping of the spatial distribution of chromatin condensation states as well as high-throughput capacity relative to other mechanical methods. Particle tracking experiments yield results of many particles, but often only capture a limited number of cells per experiment due to transfection limitations\[[@pone.0146244.ref028],[@pone.0146244.ref049]\] and require long duration experiments to capture evolving phenomena of biological processes.\[[@pone.0146244.ref016],[@pone.0146244.ref050]\] Similarly, faster diffusivity measurements of free fluorescent particles in the nucleus may provide insight into other length scale and time scale dependent behavior,\[[@pone.0146244.ref022]--[@pone.0146244.ref024]\] but validating the precise phenomena responsible for the underlying changes (particularly at precise spatial locations) is difficult and such measurements generally require cell transfection as well. By contrast, FLIM measurements allow up to 30--80 nuclei in a single field of view (pending cell type and density) to be sampled in \<10 min (in some cases 1 min) without the need for transfection. This, coupled with the capacity to resolve rapid condensation state changes on these shorter time scales and within the context of other labeled functional sites, provides an ideal technique for understanding chromatin structural state changes and positioning effects as they are directly related to function.

Using FLIM to quantify changes in chromatin condensation state in cells under various physiological or pathological conditions provides the means to investigate the hierarchical layers of chromatin organization in this context *in situ*. Recent efforts aimed at understanding the physiology of cell lineage determination during stem cell differentiation hinge in part on the ability to determine how the cell nucleus organizes the genome during these changes, including epigenetic modifications for chromatin remodeling and altered chromatin association with the nuclear periphery.\[[@pone.0146244.ref043]\] FLIM proves capable of simultaneously monitoring both as well as the temporal evolution. This would also enable better understanding of cellular reprogramming for potential therapies, where the same phenomena are at play.\[[@pone.0146244.ref051]\] Another potential application is the identification\[[@pone.0146244.ref052]\] or investigation of\[[@pone.0146244.ref053]\] cancerous cell types, which are hallmarked by aberrant nuclear organization and dysregulation of the genome. Determining whether structural defects in chromatin organization cause the observed phenotypes or if they are symptomatic of altered gene expression from local changes at a particular gene is current obstacle in cancer pathology for which FLIM would be useful. These future applications of FLIM for assaying hierarchical chromatin organization in human cell nuclei highlight the utility of this high-throughput mechanical technique that provides a promising tool for investigating these deeper layers of genome function.

Materials and Methods {#sec009}
=====================

Cell Culture and Transfection {#sec010}
-----------------------------

For our cell experiments, we used human umbilical vein endothelial cells (HUV-EC-C \[HUVEC\], ATCC CRL-1730^™^, Manassas, VA) that were cultured in endothelial basal media with endothelial growth supplements (Lonza, Hopkinton, MA). This particular HUVEC line is cultured minimally commercially to maintain consistency; these HUVECs are a non-continuous line being pooled from many individuals but are not immortalized and only survive for 10 passages in culture. Cells were used between passage 2--8. Cells were passaged onto glass slides (VWR International, Radnor, PA) in 35 mm tissue culture dishes (Corning Inc., Corning, NY). For transfection experiments, cells were transfected using the endothelial cell-specific Lipofectin transfection reagent (Life Technologies, Grand Island, NY) in Opti-MEM I Reduced Serum Medium (Life Technologies, Grand Island, NY). For these experiments we used rDNA of GFP-Fibrillarin (kind gift from D. Discher, University of Pennsylvania). Cells were incubated for transfection for five hours, at which time we changed to normal growth media and incubated the cells for an additional 24--72 hours prior to experiments to allow for adequate expression and proliferation to confluency.

Drug Treatments {#sec011}
---------------

Chromatin condensation experiments were run using either trichostatin A (TSA, 200 ng/mL for 24 hours) for decondensation or sodium azide (NaN~3~, 10 mM) and 2-deoxyglucose (2-DG, 50 mM) for one hour for ATP depletion-induced chromatin condensation.

Cell Fixation and Staining {#sec012}
--------------------------

Cell fixation was done using 3.7% formaldehyde in phosphate buffered saline (PBS). Cell permeabilization was done using 0.2% Triton X-100 in PBS. While this chemical fixation may somewhat alter the local chemical environment as a result of crosslinking, previous studies have demonstrated that DNA and nucleosomes in cells fixed via formaldehyde maintain considerable mobility\[[@pone.0146244.ref031]\] indicating local chromatin structures are largely preserved at these small length scales. For fluorescence lifetime imaging microscopy (FLIM) experiments, cells were stained with 5 μg/mL Hoechst 33342 (Life Technologies, Grand Island, NY) or PicoGreen in PBS. For immunocytochemistry labeling experiments, cells were blocked with 0.2% bovine serum albumin (BSA, Sigma Aldrich, St. Louis, MO) in PBS. We labeled the constitutive heterochromatin marker Histone H3K9me3 with the primary rabbit polyclonal antibody (ab8898, Abcam, Cambridge, England) and a secondary donkey anti-rabbit antibody (sc-362291, Santa Cruz Biotechnology, Dallas, TX).

Preparation of DNA *in vitro* Solutions {#sec013}
---------------------------------------

For the DNA *in vitro* solution experiments, double-stranded λ-DNA was obtained from New England Biolabs (Ipswich, MA). All solutions were sterile-filtered. The base buffer was 20 μg/mL of λ-DNA with Hoechst 33342 in 60 mM MgCl~2~ in 10 mM Tris-HCl. For the ψ-condensation (Polymer-and-Salt-Induced-condensation) experiments, poly(ethylene glycol) 6000 (PEG 6000) was used (M~n~ 6,000, Sigma-Aldrich, St. Louis, MO) and serially diluted to the proper solution concentration with the base buffer. Dynamic light scattering (DLS) experiments of DNA-PEG 6000 solutions were run using a Malvern Zetasizer Nano ZSP (Malvern, Worcestershire, UK). The fluorescence lifetime dependence experiments with varying ionic strength were done using serial dilutions of MgCl~2~ in 10 mM Tris-HCl for the indicated concentrations. The fluorescence lifetime viscosity dependence experiments were done using serial dilutions of glycerol-ethylene glycol. Viscosity measurements of glycerol-ethylene glycol solutions were made using Discovery Hybrid Rheometer-2 (TA Instruments, New Castle, DE) using a shear rate sweep of 0.1--10,000 s^-1^.

Fluorescence Lifetime Imaging Microscopy {#sec014}
----------------------------------------

Our FLIM setup utilized a Leica TCS SP5 inverted laser scanning confocal microscope and a 100x (1.4 NA) oil immersion objective. For excitation in the FLIM experiments, a Ti:sapphire mode-locked, pulsed infrared laser (Chameleon, Coherent) system was utilized as the multiphoton excitation source (1 W, average) tuned to 825 nm (Hoechst 33342) or 925 nm (PicoGreen) with pulse-widths of \<140 fs delivered at 90 MHz. For emission, a FLIM-specific photomultiplier tube (PMT) was used and collected the spectra from 404--536 nm (Hoechst 33342) or 500--600 nm (PicoGreen). Fluorescence lifetime data was acquired and analyzed using previously published methods\[[@pone.0146244.ref016],[@pone.0146244.ref054]\] with a suite of software from Becker & Hickl SPC-830 for time-correlated single photon counting (TCSPC) with 10 ps resolution along with 220 time channels and a 10.8 ns measurement window. Scans lasted at least 180 s for images of 256 pixels × 256 pixels.

The decay rate of the fluorescence lifetime can be modeled as a summation of exponential decays ([Eq 1](#pone.0146244.e001){ref-type="disp-formula"}), where τ~n~ and a~n~ are the lifetime and normalized amplitude of the n^th^ exponential decay, respectively. I(t) is the number of photons detected per unit time, t, and I~0~ is the offset for the background. The mean fluorescence lifetime is defined as shown in [Eq 2](#pone.0146244.e002){ref-type="disp-formula"}.
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The heat maps of the fluorescence lifetimes were created in Becker & Hickl SPCImage software along with the data analysis. For cell experiments, we segmented the nuclei in each field of view to isolate only nuclear pixel signal for data analysis using MATLAB. We analyzed the fluorescence lifetime fits using a χ^2^ test, with Hoechst 33342 best modeled by a double exponential decay while PicoGreen was modeled best as a single exponential decay.

Statistics {#sec015}
----------

Magnitudes of the mean fluorescence lifetimes were statistically compared using Student's t-test. Fits of the fluorescence lifetime exponential decay were verified using a χ^2^ test. The fit of the fluorescence lifetime dependence of Hoechst 33342 bound to λ-DNA with varying viscosity was tested using ANOVA (p\<\<0.001). For nuclear chromatin condensation state experiments using FLIM, the mean fluorescence lifetimes and associated standard deviations in the figures reflect those for segmented nuclei, with the final magnitudes resulting from pixel-to-pixel averaging within segmented nuclei across multiple nuclei per field of view and multiple fields of view per treatment condition. By contrast, in the FLIM measurements of *in vitro* λ-DNA solutions, the mean fluorescence lifetimes and associated standard deviations in the figures reflect the averaging of pixel-to-pixel lifetime values in a field of view across multiple fields of view.

Supporting Information {#sec016}
======================

###### Fluorescence lifetime measurements of chromatin condensation state in fixed and live human umbilical vein endothelial cell nuclei.

**Fig A.** Fluorescence lifetime heat maps of chromatin is measured in endothelial cell nuclei labeled with Hoechst 33342. Fixed samples, similar to those used throughout a majority of the results, show a spatial distribution of lifetimes. Live cells also show a spatial distribution of lifetimes in the same regime. **Fig B.** The mean fluorescence lifetime of segmented nuclei for the various treatment conditions was calculated using [Eq 2](#pone.0146244.e002){ref-type="disp-formula"}. Samples were statistically similar with one another. Live cells showed greater variation likely from exchange of dye between the nucleus and media as well as cell motility.

(DOCX)

###### 

Click here for additional data file.

###### Distributions of fluorescence lifetime in nuclei of cells with different treatments.

**Fig A.** Histograms of lifetimes are shown for each condition to highlight the spatial heterogeneity for each sample. NaN~3~+2-DG treatment shows a significant contribution from very low lifetimes (0.6 ns and 1.3). This reduces the mean fluorescence lifetime (dashed line). In contrast, the mean fluorescence lifetime of TSA treated nuclei is increased with a smaller variance since there is little contribution from very low lifetimes. **Fig B.** The mean fluorescence lifetime of segmented nuclei for the various treatment conditions was calculated using [Eq 2](#pone.0146244.e002){ref-type="disp-formula"}. Treatment with NaN~3~+2-DG resulted in a strong reduction in the mean fluorescence lifetime relative to untreated controls. By contrast, TSA treatment resulted in a dramatic increase in the mean fluorescence lifetime relative to untreated controls as well as a large reduction in the variance which indicated an increase in chromatin condensation state homogeneity throughout the cell nucleus. Error bars indicate standard deviation of pixel-to-pixel mean fluorescence lifetime differences of segmented nuclei in fields of view across multiple fields of view under each treatment condition.

(DOCX)

###### 

Click here for additional data file.

###### Fluorescence lifetime measurements of chromatin condensation state in human umbilical vein endothelial cell nuclei with PicoGreen.

**Fig A.** Fluorescence intensity confocal images and mean fluorescence lifetime heat maps of chromatin is measured in endothelial cell nuclei labeled with PicoGreen. Cells are treated with TSA for chromatin decondensation. Altered fluorescence intensity with treatments show differential chromatin condensation state, with more intense fluorescence arising from highly concentrated condensed chromatin. Mean fluorescence lifetime heat maps similarly indicate spatial arrangement of local fluorophore environments for labeled chromatin consistent with varying chromatin condensation state. Treatment with TSA resulted in a significant reduction in punctate regions and longer mean fluorescence lifetime relative to untreated controls. **Fig B.** The mean fluorescence lifetime of segmented nuclei for the various treatment conditions was calculated using [Eq 2](#pone.0146244.e002){ref-type="disp-formula"}. Treatment with TSA treatment resulted in a dramatic increase in the mean fluorescence lifetime relative to untreated controls as well as a large reduction in the variance which indicated an increase in chromatin condensation state homogeneity throughout the cell nucleus. Error bars indicate standard deviation of pixel-to-pixel mean fluorescence lifetime differences of segmented nuclei in fields of view across multiple fields of view under each treatment condition. Standard deviation was used in place of standard error of the mean to emphasize the reduction in the fluorescence lifetime variance from chromatin decondensation from TSA treatment.

(DOCX)

###### 

Click here for additional data file.
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